Abstract: A series of acrylonitrile(AN)-methyl acrylate (MA) copolymers (AN/MA) with molar ratios of 100/0-70/30 were synthesized by water depositing polymerization. One to three percent of boric acid (BA) was adopted as a stabilizer to enhance the thermal stability of AN/MA. The copolymers and the mixtures of copolymers treated with BA were characterized by using Fourier Transform Infrared Spectroscopy (FTIR), Nuclear Magnetic Resonance ( 1 H NMR), Gel Permeation Chromatography (GPC), Differential Scanning Calorimetry (DSC), Thermogravimetry (TG), X-ray diffraction (XRD) and Optic Microscope. The results show that melting point (T m ), glass transition temperature (T g ) and crystallinity of the copolymer decreased while decomposition temperature (T d ) increased with the increase of MA content. T m of AN/MA dropped to 174 °C and T d rose up to 321 °C when 15 mol% MA was incorporated. It was worthy to note that T m of the copolymers increased conspicuously after being treated with BA. Stability of AN/MA with a molar ratio of 85/15 containing 1 wt% BA improved remarkably. The mixture can be kept stable up to 30 min at 220 °C.
Introduction
Carbon fibers have several unique and excellent properties such as lightweight, highstrength and stiffness. So they find numerous applications in national defense, aerospace, automobile and construction materials [1] [2] [3] [4] . Polyacrylonitrile (PAN) fiber is used as the main precursor of high performance fibers. However, the melting temperature (T m , 317 o C) of PAN is well above its decomposition temperature at which the polymer transforms into an insoluble, cross-linked ladder-type material [5] . Hence, the conventional approach for producing PAN-based fiber is solutionspinning. However, there are a number of disadvantages associated with this approach, which includes solvent toxicity, solvent recovery and higher processing costs [6] . Many scientists have focused on the preparation of carbon fiber precursor from PAN-based copolymer by means of melt processing recently [7] [8] [9] .
Usually, a comonomer such as MA, acrylamide (AM) or vinyl acetate (VAc) was used to improve the solubility, spinnability and drawability [10] [11] [12] . According to our previous study and other literatures [10] [11] [12] [13] , MA was found to be suitable for enabling the melt processing of PAN and the optimum MA content was 15 mol%.
Since the stability of AN/MA is a crucial factor for producing melt processable PAN based fiber. Therefore, great efforts have been made to improve it at processing temperature. The AMLON ® resin containing 1 mol% unknown stabilizers can be melt spun on the common melt spinning machine. Intrinsic viscosity of AMLON ® can keep stable for 30 min at 220 °C [14] . Bhanu et al [15] also inferred that AN/MA in a mole ratio of 88/12 could be kept stable for 20 min by incorporating a thermal stabilizer. However, a detailed report about the effect of a stabilizer on compositions and thermal properties of AN/MA has not been published so far.
In this paper, we prepared 85/15 AN/MA (the abbreviation 85/15 for the copolymers referred to the molar ratio of AN and MA) and treated it with various contents of BA. The fabrication, structures and thermal properties of the copolymers and the mixtures will be discussed as below.
Results and Discussion

AN/MA copolymer
-FTIR FTIR spectra of PAN and AN/MA are shown in Fig. 1 . The strong absorption peak at approximately 1734 cm -1 in the spectra of sample 2, 3, 4, 5, and 6 is associated with the carboxide group (C=O) stretching vibration. This specific peak is not observed in the spectrum of sample 1 (PAN) as expected. The absorption peaks at approximately 1204 cm -1 are associated with C-O group and C-N group stretching vibration. Intensity of the characterized peak is smaller in the spectrum of homopolymer than in that of copolymers. These two characterized peaks in the spectra of the copolymer demonstrate the formation of AN/MA copolymer. H NMR spectra of 85/15 AN/MA is shown in Fig. 2 . The protons of -OCH 3 appear at δ 3.6 ppm, which is the characteristic group of MA; methylene protons appear at δ 2.0 ppm, which are shared by AN and MA. These two characteristic peaks were marked as A and B respectively, which were used to calculate the compositions according to the following equations: HNMR spectrum of sample 4.
-DSC DSC curves of AN/MA are shown in Fig. 3 ; and the thermal data are listed in Table 2 . Kim et al. reported that T m of hydrous PAN-based copolymer can be observed prior to the onset of the reaction exotherm [16] [17] . However, it is seen that there is not an obvious endothermic peak for the anhydrous AN/MA in our experiments.
The flexible comonomers like MA can get incorporated into the crystal lattice of AN up to a critical content and disrupt the characteristic morphology [15] . MA primarily acts to increase the free volume of PAN system and reduces the dipole-dipole interactions between cyano-groups [13, 18] . As Chen et al. reported that cyclization was independent of PAN tacticity [19] , thereby, probability of the cyclization of AN/MA is decreased due to the hindrance provided by the comonomer MA. From  Fig. 3 , it is observed that decomposition peak of the polymers shifts to the higher temperature with the increase of MA content conspicuously. It suggests that cyclization can be retarded by incorporation of MA into polymerization system. According to the thermal data listed in Tab Tab.1. Thermal data of various molar ratios of AN/MA (heating rate: 10 °C/min). Generally, based on some literature reports, it was believed that the endothermic peak of PAN and its copolymers could be observed only at higher heating rate (80 °C/min or above). At the lower heating rate, they would degrade (underwent exothermic cyclization process) before melting [20] . This thermal event is analyzed in Fig. 4 , where DSC traces for each of the polymers are presented obtained at a heating rate of 100 °C/min. As the incorporation of MA units acts to push the stabilization exotherm to higher temperatures, the MA units also depress the melting point. Melting peak temperature for PAN is reported to be about 317 °C [5] . It shifts to lower temperature with increasing MA content. Based on the DSC trace, T m of 85/15 AN/MA drops to 174 °C. This implied that incorporating MA units helps in disordering the symmetry of AN chain thereby increasing the amorphous region of copolymer, and in turn reducing the melting point. Such a trend was consistent with the research result of Bhanu et al. [15] . -GPC Suitable molecular weight is very important for developing mechanical strength and spinning very fine fibers. Normally, the conventional wet-spun samples used in the manufacture of fibers have molecular weights in the range of about 50,000 80,000 and the dry-spun samples is in the range of 30,000 80,000, while molecular weight of the plastic melt-spun sample is in the range of 30,000 60,000. The concentration of the polymer in solution-spun samples is only about 20 30 wt %, hence, it needs to have high molecular weight to achieve high orientation during fiber drawing [13] . In the melt-spun samples, it is believed that lower molecular weight samples could also give fibers mechanical properties comparable to those made from solution-spun [13] . According to previous literature, the general target of weight average molecular weight (M w ) for melt processable acrylonitrile based copolymer is about 35,000 [15] .
GPC spectrum of sample 4 is shown in Fig. 5 X-Ray patterns of sample 1～6 are shown in Fig. 6 . The reflection peak of PAN is at 16.9° (2θ) and it keeps stable in all AN/MA samples, which indicates crystalline form is same in PAN and AN/MA. However, intensity of the crystallization peak was weakened and that of the scattering peak was strengthened with increasing MA content.
As tabulated in Tab.3, increase of half-width (FWHM) and the decrease of crystallinity and crystal size with the increase of MA content suggest that the introduction of bulky MA reduces the chain orientation as well as improves the consequent chain flexibility. Fig. 7 . A wide absorption peak at approximately 3196 cm -1 in the spectrum of BA was associated with stretching vibration of hydroxyl (-OH) belonging to carboxyl (-COOH). From the spectrum of sample 4, it was observed that there was also a wide absorption peak at 3586 cm -1 , which was associated with the unsaturated carbon hydrogen bonds (C-H) stretching vibration. The wide peak of sample 8 and 9 shifted to the lower wave number with the increase of BA content, which indicated the existence of BA in the copolymer matrix. , it is observed that exothermic decomposition occurs only after being thermally processed for about 8.9 min. It is too difficult to melt spin the fibers in such a short time. For the copolymers treated with BA, there is no conspicuous exothermic decomposition during heat processing as expected. However, there was a little exotherm as BA content was higher than 1 wt%, which was probably ascribed to the decomposition of BA. It seems to corroborate that the optimum content of BA should be 1 wt%. According to the report of Rangarajan et al, it is attributed to the exothermic cyclizaion and oxidative reactions, which proceeds simultaneously, but the initiation of the oxidation reaction preceeds the onset of cyclization [6] . The exothermic peak at about 400 °C is associated with secondary oxidation reactions, leading to chain scission, which causes the evolution of HCN, CO 2 and CO. The oxidation temperature, cyclization temperature and the residual mass all increase with the increase of BA content, probably due to the shielding and aromatization effect by the BA. . At 200 °C, it is observed that the transparent area increases and mixture melts mostly (C). Further increasing the processing temperature to 210 °C, melting area increases and most of the melting droplets connects (D). As temperature becomes higher than 220 °C, most of the copolymers melts. However, the sample appears light yellow, which implies that decomposition reaction occurs ((E) and (F)). Further work on the stabilization and the flowability of the melt processable AN/MA is in progress; the experiment results are expected to be useful in producing melt processable AN based copolymers for textile and carbon fiber precursor applications.
Conclusions
Acrylonitrile ( 
Preparation
We adopted aqueous redox initiated polymerization. An example of typical procedure for an 85/15 AN/MA is given in detail. The reactor was a 500 mL 3-necked flask fitted with a condenser, dynamoelectric stirrer, dropping funnel. Firstly, the flask was charged with 340 mL of de-ionized water and purged with dry nitrogen for 30 min while heating to the reaction temperature (40 °C). A mixture of 327 mmol AN, 57 mmol MA and 1 mmol RSH (2.0 mol% of total co-monomers concentration) was added and then followed by 4.20 g of SBS in 10 mL de-ionized water. After 5 min, 50 mL KSP saturation solution (25 °C) was added and the reaction was allowed to proceed for 3 h at 40 °C [15] . White products were then directly filtered and washed with large amounts of de-ionized water. The products were dried in a vacuum oven at 70 °C till constant weight. Finally, AN/MA were treated with various contents of BA. Raw materials and the contents of stabilizer are listed in Tab. 6.
Characterization
FTIR spectra were measured by using a Bruker Tensor37 spectrophotometer at wavenumber of 400-4000 cm H NMR spectra were obtained by using a Bruker Avance AV 300MHz spectrometer. Deuterated Dimethyl sulfoxide (DMSO) was used as a solvent.
Molecular weights were measured at 40°C with a Water M 32 Separation Module equipped with a Waters 410 differential refractometer detector and a Waters 510 chromatography pump coupled in parallel. DMF was used as a solvent.
T m and T d of the samples were evaluated by using DSC (Perkin Elmer DSC7). Heating rate was 10 °C/min and 100 °C/min respectively. Samples were heated from room temperature to 350 °C and 400 °C, all under nitrogen (N 2 ) atmosphere.
Isothermal DSC curves were used to value the thermal stability of the samples. The samples were processed at 220 °C for 30 min, all under nitrogen (N 2 ) atmosphere.
Thermal resistant temperatures of all the samples were obtained by using a thermogravimetry (TG, NETZSCH, STA409 PC/PG TG-DTA) at a heating rate of 10 °C /min under a nitrogen (N 2 ) atmosphere.
Diffraction patterns of the PAN and AN/MA were obtained by using X-ray diffraction (XRD , D/max-2500, 40kV, 100mA, CuKα1) at room temperature. Scanning range was 3-50° (2θ). Apparent crystal size was calculated by the Scherrer equation (4), as follows [23] :
where, λ is 1.54(Å), β is the half-width (rad) and k is 0.91. β was modified with the following Warren equation: where, β m and β si denote the half width of the measured peak and the Si peak, respectively.
The thermodynamic states of 85/15AN/MA treated with BA were observed by using a microscope (OLYMPUS BX51) with LINKAM THMS 600 thermal plate.
